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Abstract 
This report presents the results of an investigation 
into short term Ni3Al layer growth at 1100°C in NiAl/Ni 
diffusion couples.  The aims of this study were to estab- 
lish the kinetics of the early stages of NioAl layer 
growth, to clarify the role of grain boundaries in the 
non-planar growth of this layer, and to demonstrate the 
applicability of thin foil electron optical techniques 
(i.e., TEM/STEM) to short term diffusion studies.  Prob- 
lems pertinent to quantifying analytical STEM data in 
systems exhibiting preferential x-ray absorption are 
also considered and discussed. 
During short term experiments at 1100 C (i.e., less 
than one hour) a major portion of the NioAl layer forms 
on heating.  The relatively short duration of the heating 
cycles experienced by these diffusion couples (i.e., 
less than 240 seconds) indicates that the Ni^Al layer 
grows faster during heating to 1100 C than it does at 
1100°C.  This enhanced layer growth is attributed to 
grain boundary diffusion within the Ni^Al layer. 
The non-uniformities in the growing NioAl layer are 
manifestations of grain boundary diffusion enhanced 
layer growth.  These originate during heating at tem- 
peratures below 1100°C where grain boundary diffusion 
effects are dominant.  At 1100°C the number of NIoAl 
layer protrusions associated with grain boundaries de- 
creases with increasing hold time.  This is an indication 
that grain boundary diffusion effects are no longer 
significant at this temperature. 
Efforts to quantify the analytical STEM data 
brought to light several interesting effects which have 
previously not been considered.  In highly absorbing 
systems thin foil geometry and orientation effects can 
introduce substantial errors in the absorption correc- 
tion.  This error is due to miscalculation of the exist- 
ing x-ray path length. -Additionally, the current model 
for absorption correction has been shown to produce 
a thickness dependent over-correction. 
I.  INTRODUCTION 
Diffusion bonding is a process about which many 
practical and fundamental studies have been conducted. 
Through these studies, a reasonable understanding has 
been achieved of the processes involved in the long 
term behavior of many diffusion bonded systems.  There 
is, however, very little information available on the 
early stages of this process.  One of the key factors 
contributing to this lack of data is the limited spatial 
resolution of the instruments generally applied to dif- 
fusion bonding studies.  Typically, composition data is 
obtained through EPMA (electron probe micro-analysis), 
and microstructural information is gained through light 
microscopy^  Unfortunately, these techniques cannot 
answer some of the more fundamental questions concerning 
the early stages of diffusion bonding and intermediate 
phase layer growth where the total length of the diffu- 
sion zone is less than several microns wide. 
Compositionally, one of the major questions is what 
values the interfacial concentrations take during the 
early stages of growth.  For, although most models of 
intermediate layer growth envoke the concept of local 
interfacial equilibrium, researchers as far back as 
Darken (1) have pointed out that an activity gradient 
must exist for growth to occur.  More recently, Eifert 
et al.(2) have reported interfacial compositions in 
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binary Cu-Al diffusion couples which are not in agree- 
ment with the equilibrium phase diagram.  Powell and 
Schuman (3) have analyzed this deviation in terms of a - 
ternary Cu-Al-Vacancy system through which thermodynamic 
equilibrium could be attained.  It is therefore not 
unlikely to anticipate possible changes in interfacial 
compositions as an intermediate phase nucleates and 
begins to grow. 
Microstructurally there are a number of important 
factors to consider during the early stages of diffu- 
sion bonding.  One of these is the mechanism(s) by which 
full interfacial contact is achieved.  Garmong et al. 
(4) have proposed several possible mechanisms for this, 
but specific mechanisms have yet to be identified.  Addi- 
tionally, the nature of the advancing interface and the 
role of structural defects such as voids, grain boun- 
daries, etc., need to be determined. 
Given these considerations, thin foil electron 
optical techniques such as TEM/STEM are a logical choice 
for studying the early stages of intermediate phase 
layer growth in diffusion couples.  With such techniques 
micro-analysis could be refined to - 500^. and fine de- 
tails of the interfaces could be resolved.  The only 
major factor hindering extensive application of thin 
foil electron optical techniques to such studies would 
be the difficulties involved in producing the necessary 
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thin foils. 
The present investigation chose to study Ni^Al 
layer growth in NiAl/Ni diffusion couples.  While the 
ability to fabricate thin foils in this system was a 
necessary consideration, it was not the sole reason 
for its choice.  Rather, this system was chosen because 
of the availability of data on long term Ni~Al layer 
growth (5,6) and the Ni-Al system in general (7,8,9,10). 
Having this information as a base, it would be possible 
to develop a more thorough understanding of the pro- 
cesses involved in the early stages of growth.  A fur- 
ther factor for choosing to study short term Ni~Al layer 
growth was the non-planar nature of the interfaces (6). 
This non-planarity has been reported to be due to grain 
boundary diffusion, but has not been fully explained. 
The present investigation into the early stages 
of Ni-Al layer growth had three main purposes. 
1) To establish previously unavailable short time 
kinetic data on Ni~Al layer growth in NiAl/Ni diffusion 
couples at 1100 C. 
2) To clarify the role of grain boundaries in the 
non-planar growth of Ni^Al. 
3) To demonstrate the applicability of thin foil 
electron optical techniques to studies of the early 
states of diffusion bonding. 
II.  BACKGROUND 
A.  Structures and Properties 
When NiAl and Ni are brought together in a diffu- 
sion couple interdiffusion of Ni and Al occurs and an 
NioAl layer forms as predicted by the phase diagram. 
The microstructure and composition profile produced in 
such a couple at 1100 C is illustrated in Figure 1.  In 
addition to the NiAl, Ni~Al, and Ni(Al   ) phases seen 
in this figure there are two distinct microstructural 
features within the NiAl itself.  One of these is a line 
of demarcation which roughly divides the Ni-rich and Al- 
rich portions of the NiAl (11).  The second is a 
striated structure adjacent to the NiAl/NioAl interface. 
This is a form of martensite (12,13) produced during 
quenching of the diffusion couple. 
Phases and Structures 
The solubility limits of the various phases can 
be determined from the Al-Ni phase diagram given in 
Figure 2.  The NiAl phase field is centered around the 
stoichiometric NiAl composition and is based on an 
ordered B-2:CsCl type structure.  The extensive solu- 
bility of this phase on either side of stoichiometry is 
due to two different defect structures (14).  In the 
Al-rich side vacancies exist on Ni lattice sites, and 
on the Ni-rich side Ni atoms are substituted on Al 
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lattice sites.  Martensitic NiAl has an LI^CuAu type 
structure derived from close packing at {110} layers in 
the original B-2 CsCl structure (15,16).  The Ni3Al 
phase has an LI^tCuoAu type structure which essentially 
results from ordering of the F.C.C. structure possessed 
by Ni-Al solid solutions. 
Density Functions 
Since density plays a key role in quantitative 
chemical micro-analysis, the density vs. composition 
relations must be known for the various phases in the 
diffusion couples.  Using the work of Taylor and Doyle 
(14) the following density functions may be derived 
for NiAl. 
For Al-rich NiAl (38-50 a% Ni) 
(1) p(g/cc) = 4.68 + 0.11/a% Ni•(a% Ni-38.0) 
For Ni-rich NiAl (50-66 a% Ni) 
(2) p(g/cc) = 5.90 + 0.05/a% Ni-(a% Ni-50.0) 
For NioAl and Ni(Al  ) the density fraction may be cal- 
■3 So 
culated from theory using lattice parameter data from 
Pearson (17).  The resulting density vs. composition 
function for both these phases may be represented by 
the following. 
For Ni0Al and Ni(Al„ ) (>66 a% Ni) j gg ^ 
(3)  P(g/cc) =    1.851 - 0.01. (.1 HO  
4.748xlOzl 3.52x10"° + 1. 8x10  '(a70 Ni) J 
These density functions are summarized graphically in 
Figure 3. 
Interdiffusion Coefficients 
D in NiAl - Seigle and co-workers (18,19) have 
shown the interdiffusion coefficients in NiAl to be 
extremely dependent on composition.  As with the defect 
structure and density, there is an abrupt change in 
behavior on either side at stoichiometry.  In Al-rich 
NiAl there is a 4000-fold decrease in interdiffusion 
coefficient with increasing Ni content.  In Ni-rich 
NiAl there is a 50-fold increase in D with increasing 
Ni.  This behavior is illustrated in Figure 4 which 
gives D NiAl vs. composition at 1100 C as taken from 
Sarkhel and Seigle (18) .  Equations representing these 
diffusivity vs. composition relations have been formu- 
lated by Sarkhel (11) and the functions for fH  NiAl 
at 1100°C appear in Table 1.  At 1100°C the composi- 
tion for the minimum diffusivity is  51.4 a%  Ni. 
D in NipAl - The interdiffusion coefficient in 
NioAl has been calculated from layer growth data by both 
Janssen (6) and Sarkhel (11) and is not reported to be 
composition dependent.  However, non-planar NioAl layer 
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growth below 1100°C has been attributed to grain boun- 
dary diffusion, and this factor must be accounted for 
in the calculations.  Sarkhel (11) does this by using 
the uniform layer thickness data above 1100°C and the 
minimum layer thickness data below 1100°C to calculate 
a lattice diffusion coefficient.  He then uses the aver- 
age layer growth data to calculate an "effective diffu- 
sivity" comprised of both lattice and grain boundary 
diffusion contributions.  These results are given in 
Figure 5 and Table 1. 
D  in Ni(Al„„) - When analyzed as a whole, the 
results of Janssen (6) and Shankar and Seigle (19) in- 
dicate that the interdiffusion coefficient in Ni(Al  ) v
  ss' 
is composition dependent.  As Figure 6 shows, there is 
a consistent increase in the interdiffusion coefficient 
with increasing Al content.  Sarkhel (11) has analyzed 
this data to give the diffusivity/composition relations 
given in Table 1. 
B.  Previous Studies of NipAl Layer Growth 
Some of the earliest observations on NioAl layer 
growth were recorded by Castleman and Seigle (8) in 
long time-low temperature studies of Ni/Al end member 
diffusion couples.  Although their primary interest 
was in the faster growing NiAl~ and Ni2Alo phases, ex- 
periments at 600-625°C for several hundred hours re- 
vealed the presence of slight NiAl and Ni^Al layers. 
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While the slow growth rate of Ni~Al at these tempera- 
tures did not permit an extensive kinetic study, they 
were able to conclude that Ni~Al grew in a parabolic 
fashion. 
Janssen and Rieck (5) extended the studies of 
Castleman and Seigle by looking at layer growth in the 
Ni-Al system at temperatures between 650°G-1000 C. Growth 
of the various phases was observed in diffusion couples 
comprised of an intermetallic compound and one of the 
pure elements.  Specifically, Ni-Al layer growth was 
measured in IS^Al^/Ni and NiAl/Ni diffusion couples. 
Parabolic growth rates were again reported and data was 
collected for times as short as 4 hours at 1000 C.  Even 
more significantly it was observed that the Ni-Al layer 
grew in a non-planar fashion which suggested that grain 
boundary diffusion contributed to layer growth. 
More pertinent to the present study of Ni^Al layer 
growth is a later report by Janssen (6). In this paper 
the growth of Ni-Al layers in NiAl/Ni diffusion couples 
is documented at temperatures from 1000°C-1300°C for 
times greater than 6 hours. The layer growth data from 
this work is reproduced in Figure 7. It is interesting 
to note that there is a major difference in the minimum 
and average layer thickness obtained at 1000°C. Janssen 
attributes the seemingly abnormally large average layer 
growth to grain boundary diffusion effects.  More of the 
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details of how Janssen's data was generated are dis- 
cussed below. 
The two most important factors relevant to com- 
parisons of Janssen's and other investigators' work are 
the manner in which the diffusion couples were fabri- 
cated and the composition of the NiAl used.  In Janssen's 
study homogeneous 55 a.%  Ni :NiAl and pure Ni were used 
as end members.  He states that 55 a%  Ni:NiAl was cho- 
sen over 50 a.%  Ni:NiAl because faster Ni~Al layer growth 
was obtained with the 55 a%  Ni:NiAl.  The end members 
themselves were fabricated into diffusion couples by 
pressure welding them together at 40 kg/cm /950°C/15 
minutes.  This procedure was reported to produce ex- 
tensive NioAl nucleation prior to diffusion annealing. 
C.  Layer Growth Modeling 
Diffusion controlled interface motion and/or layer 
growth may be modeled using either closed form analyti- 
cal or computerized numerical solutions.- However, the 
analytical solution techniques are generally limited to 
situations where semi-infinite diffusion, composition 
independent diffusivities, and predetermined interfacial 
velocity functions are assumed.  For situations where 
these assumptions are not valid, numerical solution 
techniques must be employed.  Descriptions of two of the 
more popular numerical techniques -- forward finite 
difference and the Crank-Nicholson method -- may be found 
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in articles by Tanzili and Heckel (20) and Randich and 
Goldstein (21), respectively. 
Examples of applications of numerical computer mo- 
deling techniques to interface motion and phase growth 
in the Ni-Al system can be found in papers by Hickl 
and Heckel (10), Sarkhel and Seigle (18), and Sarkhel 
(11).  Hickl . and Heckel have used numerical techniques 
to model the process of pack aluminization.  In this pro- 
cess aluminum is supplied to the surface to be alumi- 
nized, and thus semi-infinite diffusion conditions do 
not exist, and analytical solutions can not strictly be 
applied.  There is also an extreme diffusivity/compo- 
sition dependence in NiAl which needs to be handled by 
numerical techniques.  However, this information was not 
available at the time of their investigation and was not 
included in their model.  Sarkhel and Seigle (18) later 
considered this variable diffusivity and proposed a com- 
bined numerical/analytical technique to model pack 
aluminization.  Sarkhel (11) has also developed a com- 
pletely numerical computer model for the degradation of 
NiAl aluminide coatings. 
Although such programs are necessary to quantita- 
tively express layer growth rates, a qualitative under- 
standing may be obtained from consideration of the inter- 
facial mass balances.  Using the schematic concentration 
profile given in the diagram of Figure 8, a growth rate 
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equation may be formulated in the following manner. 
Consider that at interface "A" a mass of atoms (C.-C^) 
will be moved a distance Ax in a time At.  This must be 
equivalent to the difference in the fluxes entering and 
leaving the region of the interface.  That is: 
At A(ci"c2) = J1"J2 
SiSSe J±  - -Dx |§|_A  and J£ - -D2 §§1^ 
AxA   8x 
and in the lim At + 0 j~  "* ff A 
Thus 
Ml     =       1       |-D     3C.        + D     3C,      f 
at1 A       Ci~C2   I     l   3xI-A       U2   ax'+AJ 
And... 
Ml     =       1        |-D     *£\       + D    1^1      I 3t'B       C3-C4   j   u2   3x'-B       u3   3x'=-Bj 
Since the growth rate at the intermediate phase will 
be the difference of the two interface motion rates.... 
Growth i       ( ar ar 
(4)
   pfe °m " e^d D3 i!+B - D2 fl-B Phase   (2) 3     4( 
+ 
1      i Dn    9C 3C 
C1"C2 ' 8x  "A 2   8x +A ) 
Applying this equation to NiAl/Ni diffusion couples 
it can be seen that the interfacial compositions, diffu- 
sivities, and concentration gradients near the interface 
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all figure into the growth rate.  In considering how 
changes in these variables affect the growth rate it 
must be remembered that the concentration gradients are 
all negative quantities.  Thus if one considers only 
changes in diffusivities (other variables constant) the 
NioAl growth rate can only increase by an increase in 
the Ni~Al diffusivity (i.e., D2).  Increasing the dif- 
fusivity in either NiAl (i.e., D-.) or Ni (i.e., D~) will 
act to decrease the Ni^Al growth rate. 
D.  Analytical STEM Concepts 
The general principles of quantitative x-ray micro- 
analysis in STEM have been reasonably well established, 
and detailed treatments of the subject are available 
in the literature (22,23).  In general, a standardless 
ratio technique is usually applied to relate x-ray 
intensity ratios to elemental composition ratios.  Then, 
consideration must also be given to whether or not 
factors such as absorption, fluorescence, and spurious 
x-ray generation are modifying the x-ray intensities 
being detected.  In the present investigation of the 
Ni-Al system fluorescence is not a problem (see guide- 
lines set forth by Yakowitz (24)) and precautions (25) 
have been taken to eliminate spurious x-rays.  There- 
fore, only the concepts of the standardless ratio tech- 
nique and the absorption correction will need to be con- 
14 
sidered and only those will be discussed in detail. 
The Standardless Ratio Technique 
The basis of most STEM micro-analytical procedures 
is the standardless ratio technique of Cliff and Lori- 
mer (26) .  In this technique a calibration or "K" 
factor is experimentally determined which relates x-ray 
intensities and compositions in the following manner. 
CA _    XA 
where:  CA,CR  are weight percents of elements A and 
B, respectively 
I. ,IT.  are the peak intensities of character- 
istic x-rays of elements A and B 
K.R   is a composition independent factor. 
This "K" factor is related to the relative abili- 
ties of the various elements to produce x-rays and the 
ability to detect those x-rays on a one to one propor- 
tional basis.  This latter ability will be affected by 
preferential absorption of one of the x-ray species 
within either the microscope system or the thin foil 
being analyzed.  Of these, only the relative absorption 
within the system will remain constant for a given 
elemental pair, and only it is incorporated into the 
"K" factor.  Absorption within the thin foil must be 
treated separately in a manner discussed in the fol- 
lowing sections.        15 
Goldstein et al. (27) have shown that theoretical 
"K" factors may be calculated from consideration of the 
elemental x-ray production efficiencies and detector 
absorption characteristics.  For elements having z > 13 
these calculated values are in good agreement with 
those determined experimentally.  For elements with 
Z < 13 (i.e., Al, Mg, Na, etc.) there is a significant 
discrepancy between theoretical and experimental "K" 
factors.  It is felt that these discrepancies arise 
from uncertainties in various quantities used in the 
theoretical calculations or contamination related ab- 
sorption effects in the experimental determinations. 
Specimen surface contamination effects have been demon- 
strated for NiAl by Zaluzec and Fraser (28) and for 
Na, Mg, and Al by Mehta et al. (29). 
Specimen Absorption Corrections 
The effect of specimen absorption on x-ray inten- 
sity ratios as x-rays are produced through a thin foil 
of thickness "t" has been given by Goldstein et al. 
(27) as . . . 
c       x  /Q*B(PO |-y/p)^pec-p-t.csca|dt 
(6)    /= K,   A CB   AB IB  t 
/ <j>A(pt)J-y/p)spec.p.t.cscaJdt 
16 
y/p) B spec 
where:  (J) (pt)      is the depth distribution of x-ray 
production 
is the mass absorption coefficient 
of element B in the specimen 
p is the density of the foil near the 
point of analysis 
t csca    is a mathematical expression for the 
path length of the exiting x-rays 
at a take off angle of a 
They further assume that the x-ray production is uni- 
form throughout the depth of the foil and that 
<K(pt) - <{>B(pt) = 1.0.  By integration equation 6 then 
reduces to... 
(7>
 ^
KABW^JT^ 
v/p^pec'P-t-csca 
y/p^spec P#t'csca 
A more tractable approximation to equation 7 may 
be obtained by assuming that the average x-ray is pro- 
duced midway through the thin foil.  In such a case 
equation 6 reduces to... 
or 
(8) 
'B 
K  ^ AB r~ 
*-{y/p) 
B I 
-{y/p) 
B 
spec P-t 
esc a 
spec p-t 
CSC 
^ 
'B 
K   — Q- AB IB * y/p)spec-y/p)specj •p«t 
esc a 
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Plots of the absorption correction factors using equa- 
tions 7 and 8 are given for NiAl in Figure 9. 
It is from this shorter form of the absorption 
correction that Goldstein derives the "thin-film" 
criterion (27) given below 
(9)       -5-4  < 0.1 
where 
AX.,, A = |y/p)    -y/p)    l  • csca B-A   r   K/spec K K/spec I 
This criterion is used to judge the limit in foil thick- 
ness below which no absorption correction is necessary. 
Essentially this states that, when the thin film cri- 
terion is satisfied, less than an 1170 correction on 
intensity ratio would be given by equation 8. 
Fraser et al. (30) have noted that specimen ab- 
sorption can be a problem in STEM micro-analysis of 
NiAl thin foils.  If one uses mass absorption coeffi- 
cients from Heinrich et al. (31) or McMaster et al. (32) 
equation 9 can be used to calculate the critical thick- 
ness below which the thin foil criterion will be satis- 
fied in the system.  Considering elements A and B to be 
Al and Ni respectively, and that Al-Ka and Ni-Ka x-rays 
are being analyzed, the following is obtained for 
stoichiometric NiAl. 
,,/^A _   /TT    N /   \Al-Ka, /r,     . .   NAl-Ka 
y/p)spec  "   (FA1}    *u/p)Al      '+(FNi)    'y/p)Ni 
where F. is the weight fraction of Al or Ni. 
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Substituting in the proper values... 
u/p)spec = (-314)-(385.7) + (.686)-(4837.5) = 3440.0 
2/ cm /g 
Similarly: 
u/p)spec = (.314)-(60.7) + (.686)-(58.9) = 59.5 cm2/g 
Then, for a = 20° and a = 36° 
a = 20° AxB_A = (-3380.5)-(2.9238) = -9,884.0 
a = 36° AxB_A = (-3380.5) -(1.7013) = -5,751.3 
For the thin film criterion to be satisfied... 
b
 f   " 0.1 
So  t(critical) -  °'2 AxB-A'p 
Given p for stoichiometric NiAl is 5.8 g/cc (from Taylor 
and Doyle (14)) 
For a =  20°     t(crit) - 349 & 
For a = 36°     t(crit) - 560 & 
Since the Al-Ka x-rays are being more readily absorbed 
than the Ni-Ka x-rays, the absorption problem will be- 
come worse with increasing Ni content.  It is therefore 
apparent that any quantitative STEM analysis of a NiAl/ 
Ni diffusion couple thin foil will require an absorp- 
tion correction. 
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III.  EXPERIMENTAL PROCEDURES 
A.  Diffusion Couples - Bulk Specimens 
Two series of experiments were run using bulk 
NiAl/Ni diffusion couples.  The first of these investi- 
gated the kinetics of Ni„Al layer growth at 1100 C for 
times of one hour or less.  For those experiments the 
specimens were brought up to temperature and held for 
times of 0, 5, 15, 30, and 60 minutes.  In all, three 
separate diffusion couples were run at each time to in- 
sure data reproducibility.  Additionally, one diffusion 
couple was run at 1100 C for 180 minutes to allow the 
present data to be more readily compared to the longer 
hold time data generated by Janssen (6).  The second 
series of experiments was primarily concerned with the 
differences in NioAl layer morphology produced between 
900 C-1100 C. These employed a single diffusion couple 
held at temperature for 60 minutes.  The respective 
hold temperatures were 900°C, 950°C, 1000°C, and 1050°C. 
Details of both series of experiments are. given below. 
Materials 
The NiAl and pure Ni used in this investigation 
were obtained in the form of 9 mm diameter rods.  Two 
parallel flats were then ground on either side to allow 
them to fit into the 6 mm inside dimension of the dif- 
fusion couple clamp.  The actual specimens used in the 
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diffusion couples were made from ^0.25 mm (NiAl) and 
^ 25 mm (Ni) slices at these rods. 
The Ni rod was obtained from Materials Research 
Corporation and was 99.99% pure.  Prior to being fabri- 
cated into diffusion couples it was heat treated for 
several days at 900 C to produce a grain size of M.mm. 
The NiAl rod was a single crystal obtained from S. R. 
Butler.* Microprobe analysis showed it to be homo- 
geneous and to contain 32.47 wt %  Al. 
Sample Configuration and Preparation 
The configuration of the diffusion couples is shown 
in Figure 10.  As this figure shows,>the diffusion 
couple consisted of a single slice of NiAl "sandwiched" 
between two pieces of pure Ni.  (This sandwich configura- 
tion produced two Ni~Al layers on a single diffusion 
couple.)  In order to maintain intimate contact of the 
mating surface during the diffusion treatment the couple 
was inserted into the type of clamp shown in Figure 11. 
Prior to assembly into a diffusion couple the 
mating surfaces of the NiAl and Ni slices were specially 
prepared.  This consisted of grinding on 240-600 grit 
silicon carbide metallographic papers, polishing with ly 
diamond paste, degreasing in tri-chlor-ethylene, fol- 
*S. R. Butler is currently a professor in the Metallurgy 
and Materials Engineering Department at Lehigh Uni- 
versity. 
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lowed by ultrasonic cleaning in acetone.  Once cleaned, 
the couple was assembled, clamped together, and placed 
in a fused silicon capsule along with a small amount 
of Ni^Al- powder and Ta foil.  This capsule was then 
evacuated and sealed, making it ready for the diffusion 
heat treatment. 
Diffusion Treatments 
The diffusion treatments consisted of charging 
the encapsulated couple into a hot furnace, allowing 
the capsule to reach the furnace temperature, holding 
for an appropriate time, and quenching into water.  The 
temperature was monitored by means of a potentiometer 
and a Pt/Pt-Rh thermocouple strapped to the outside of 
the capsule.  During heating the temperature was mea- 
sured at 15 second intervals with the hold portion of 
the cycle commencing once the capsule was within 3 C 
of the desired temperature.  (For the "To 1100°C" 
experiments the capsules were allowed to reach the full 
1100 C.)  Once the hold time expired the capsules were 
withdrawn from the furnace and quenched into cold water. 
As soon as the diffusion couples cooled to below red heat 
the capsules were broken to facilitate quenching.  (This 
was usually within 15-30 second of the start of the 
quench.)  The total time it took to bring the diffusion 
couple to room temperature was generally less than one 
minute. 
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Diffusion Couple Sectioning 
Following the diffusion treatments the couples 
were removed from the clamps and sectioned with a low 
speed diamond saw as indicated in Figure 10.  Cuts were 
made parallel to the diffusion direction to provide 
six a,250 y slices from the center of the couple.  These 
were used for preparing thin-foils, while either of the 
remaining ends was used for metallographic purposes. 
Layer Thickness Measurements 
In preparation for Ni~Al layer measurements a 
sample from each couple was metallographically polished 
and swab etched with mixed acids (1:1:1; HN0~, H~S0,, 
HoPO,).  Layer measurements were made using a calibrated 
filar eye piece at 200 y increments along each of the 
two NioAl layers.  The fifteen most central of these 
readings were then averaged and the standard deviation 
calculated.  The maximum and minimum NioAl layer thick- 
nesses were also noted as well as the number of pro- 
trusions per linear distance along the layer. 
B.  Diffusion Couples Nj-plated Specimens 
In order to evaluate the effect of heating rate on 
Ni^Al layer growth small Ni-plated pieces of NiAl were 
used as short-term diffusion couples.  The* aim of these 
i 
experiments was to decrease the time spent] in heating 
the diffusion couples to temperature.  Using flowing 
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Argon rather than a fused silicon capsule to protect the 
sample and eliminating the need for clamping it was 
possible to heat the Ni-plated specimens to 1100 C in 
as little as 20 seconds.  One such specimen was heated 
to 1100 C in 20 seconds and quenched, a second was 
brought to 1100 C in 20 seconds and held for 15 minutes, 
and a third was brought to 1100 C in 60 seconds and held 
for 15 minutes.  Details of the procedures employed in 
these experiments are enumerated below. 
Materials 
The NiAl used in these experiments came from the 
same source, was the same size and shape, and received 
the same surface preparation as that used for the bulk 
specimens.  The Ni-plating was performed by Western 
Electric Corporation, Allentown, PA, using a process 
developed for integrated circuit production.  Metallo- 
graphic examination of these plated samples showed 
that this proprietary process consistently produced a 
dense adherent plating between 12-20 y thick. 
Diffusion Treatments 
The high heating rate diffusion runs were made in 
a three zone furnace under a flowing Argon atmosphere. 
The controllers for the various zones were set to es- 
tablish a temperature gradient which ranged from roughiy 
1000°C-1250°C along the length of the hot zone.  By pre- 
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determining the location at which 1100°C fell in this 
gradient it was possible to insert the diffusion couple 
into the 1250°C zone and then withdraw it to the 1100 C 
location and hold it for the desired time. 
Because of the relatively short duration of the 
heating cycle it was necessary to devise a method to 
reliably represent the actual heating rate of the dif- 
fusion couple.  The final design for the thermocouple/ 
specimen arrangement is shown in Figure 12.  It consisted 
of a Chromel-Alumel thermocouple with one lead inserted 
into an alumina insulator which also served as a rod 
by which the assembly was inserted into the furnace. 
The Ni-plated NiAl was attached to this assembly with a 
Pt wire harness.  As seen in the figure, this arrange- 
ment served to keep the thermocouple bead in reasonably 
intimate contact with the diffusion couple. 
During the diffusion treatment the temperature was 
constantly monitored through the use of a chart recorder. 
The 1100°C mark was calibrated for the recorder by first 
establishing the 1100 C location in the furnace with a 
potentiometer and then switching the thermocouple leads 
to the recorder and precisely noting the milli-volt 
reading.  Thus an 1100°C datum was established for the 
chart recorder.  Other temperatures were approximated 
from the milli-volt reading of the recorder. 
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In order to establish whether the recorded tem- 
perature represented that of the thermocouple alone or 
that of the thermocouple and diffusion couple, the fol- 
lowing experiments were conducted.  Heating rate data 
were collected for the thermocouple alone and compared 
to data for the thermocouple with attached diffusion 
couple.  From this it was found that the thermocouple 
alone always reached 1100 C in significantly less time 
than when the diffusion couple was included.  For exam- 
ple, under conditions which brought the thermocouple and 
diffusion couple to 1100 C in 20 seconds  the thermo- 
couple alone required only 10 seconds to reach the same 
temperature.  Thus it was clear that the recorded tem- 
perature did not represent that of the thermocouple 
alone, but rather a combination of the thermocouple and 
diffusion couple.  Moreover, since the recorded tempera- 
ture did not rise during the hold periods of the actual 
diffusion runs it is likely that the recorded tempera- 
ture was close to that of the diffusion couple. 
Layer Thickness Measurements 
The NioAl layer thicknesses of the plated specimens 
were evaluated in much the same manner as those of the 
bulk diffusion couples.  Samples were mounted, metallo- 
graphically polished, and then etched in mixed acids 
(1:1:1; HN03,^HgPO^, H2S04).  A calibrated filar eye 
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piece was then used to measure the Ni~Al layer thick- 
ness at 23 random locations along each specimen.  From 
these data the average Ni~Al thickness and its standard 
deviation was calculated for each Ni-plated diffusion 
couple.  Minimum and maximum layer thicknesses were also 
noted and recorded. 
C.  Thin Foil Preparation 
The starting materials for thin foil preparation 
were the six ^250 y thick slices taken from each bulk 
specimen diffusion couple.  From each slice a 3 mm round 
disc was Electro-Discharge-Machined.  This disc was 
then thinned to ^50-75 y by mechanically grinding it on 
400-600 grit silicon carbide papers.  Final thinning 
was accomplished by a combination of electro-jet polish- 
ing and ion beam thinning. 
Details of the final thinning technique are as 
follows.  First the sample was electro-jet polished in a 
15% HN03/H20 solution at -10°C for 10 seconds using 
approximately 100 mA and 2V.  It was then ion beam 
thinned with dual 8 KV Argon beams inclined 20° to the 
sample.  At 120 yA beam currents this would typically 
produce a hole in the NiAl within 10-15 hours.  This 
hole would then be enlarged to include both Ni~Al layers 
and a portion of the Ni.  In this manner there were 
nominally four interfacial regions available for exami- 
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nation in each thin foil specimen.  The various stages 
in the final thinning procedure are illustrated in 
Figure 13. 
D.  STEM Analysis 
A Philips EM 400T electron microscope equipped 
with a high take-off angle EDS detector was used in 
this investigation.  The x-ray data were collected and 
analyzed with an EDAX 9100 computer system.  In this 
microscope the detector is oriented 90  to the specimen 
holder and 20 to the beam normal plane (i.e. a = 20°). 
X-ray data were collected and the background stripped 
using the EDAX 9100 system to obtain Al-Ka and Ni-Ka 
peak intensities.  The specimen thickness at the point 
of analysis was determined via the contamination spot 
technique outlined in Appendix 1.  The thickness and 
peak intensity data were then fed into a specimen ab- 
sorption correction program.  A flow chart for this 
program is given in Figure 14 and the actual program is 
reproduced in Appendix 2. 
For all diffusion couples the specimens were ori- 
ented such that the interfaces were parallel to the 
detector axis.  This allowed the exiting x-rays to nomi- 
nally pass through iso-compositional regions of the thin 
foils.  The foils were kept at 0 tilt to produce a 
take off angle of 20  (i.e. a = 20 ).  A counting time 
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of 100 seconds was used to provide reasonable counting 
statistics as well as appreciable contamination spots 
from which the foil thicknesses were determined. 
29 
III.     RESULTS 
A. Heating Rates 
Heating rate data for the bulk and Ni-plated speci- 
mens are shown in Figures 15 and 16, respectively.  The 
data for the bulk specimens shown in Figure 15 were taken 
from diffusion couples which were representative of slow, 
intermediate and fast heating rates.  As can be seen, 
even the slowest heating rate brought the capsule to 
temperature within 240 seconds.  The heating rate data 
for the Ni-plated specimens shown in Figure 16 were 
copied from the chart recordings obtained in these 
experiments. 
B. Layer Growth at 1100°C:  Bulk Specimens 
The NioAl layer thickness data from the 1100°C 
bulk specimen experiments are given in Tables 2 and 3. 
Table 2 presents data for each of the three diffusion 
couples (A,B,C) run at a particular hold time as well as 
data for both NioAl layers on these couples.  This table 
includes average Ni~Al layer thicknesses, the associated 
standard deviations, and the minimum and maximum layer 
thicknesses encountered.  From this table, the data for 
a parti6ular hold time appear reasonably reproducible- 
the variation in average layer thickness at a given hold 
time is less than the standard deviation of the indivi- 
dual layers. 
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Table 3 gives the data of Table 2 averaged for the 
various hold times.  Two significant observations may be 
drawn from this table.  One is that substantial Ni~Al 
layer growth occurs during heating to 1100°C.  The other 
is that with increasing hold time the average layer 
thickness moves proportionately closer to the minimum 
layer thickness and proportionately further from the 
maximum layer thickness.  This implies that the number 
of NioAl layer protrusion associated with maximum layer 
thickness are decreasing with increasing time. 
Typical microstructures produced at 1100 C by the 
various hold times are presented in Figure 17.  The ob- 
servations drawn from this figure are similar to those 
drawn from Table 3.  There is a significant Ni~Al layer 
formed during heating, and the number of protrusions in 
the Ni^Al layer appears to decrease with increasing time. 
C.  Layer Morphology at 1100°C 
Observations on NioAl layer morphology were made 
using both light and electron microscopy.  The light 
optical observations were made in mounted cross sections 
of the diffusion couples.  This permitted examination of 
an extensive length of Ni~Al layer, and the observations 
made should therefore give a good indication of the 
typical structures.  The electron optical observations 
were confined  to specific regions of the TEM thin foils 
and are therefore more specific in nature.  Thus the TEM 
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observations should be used to complement or clarify 
the light optical observations. 
Light Optical Observations 
Metallographic examination of polished and etched 
cross sections revealed two general types of non-uni- 
formities in the Ni~Al layers.  Both represented in- 
creases in layer thickness and were associated with the 
presence of Ni~Al grain boundaries.  One exhibited an 
extremely localized increase in layer thickness asso- 
ciated with a single isolated grain boundary.  It will 
hereafter be referred to as a Type I non-uniformity. 
The other type of non-uniformity represented a general 
thickening of the Ni~Al layer that extended over a length 
of NioAl layer greater than 20 y.  This type of non- 
uniformity was associated with a cluster of Ni~Al grain 
boundaries, and will hereafter be referred to as Type II. 
Schematic representations of these two types of non- 
uniformities are given in Figure 18.  Examples of both 
types of non-uniformities found in the same diffusion- 
couple are given in Figure 19. 
The metallographic specimens were also used to 
determine the number of protrusions per linear distance 
of NioAl layer in each diffusion couple.  These data 
appear in Table 4.  For these determinations a protru- 
sion was considered to be any increase in layer thickness 
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beyond its immediate surroundings.  Thus a Type I non- 
uniformity would only have one protrusion associated 
with it while a Type II non-uniformity would usually 
have several protrusions associated with it.  As the ' 
data in Table 4 show, the number of protrusions per 
linear distance of Ni^Al layer decreased with increased 
hold time at 1100 C.  As a qualitative observation, the 
majority of this decrease appeared to be attributable to 
a decrease in the number of protrusions associated 
with Type II non-uniformities. 
TEM Observations 
In TEM both Type I and Type II non-uniformities 
were observed, and in all instances these were associated 
with the presence of grain boundaries in the NioAl layers. 
Examples of these non-uniformities seen in TEM exami- 
nation of a diffusion couple brought to 1100°C and 
quenched ("1100°C/To Temp") are given in Figures 20 and 
21.  Figure 20 shows a Type I non-uniformity with its 
grain boundary oriented perpendicuar to the Ni^Al layer. 
Figure 21 shows a small portion of a Type II non-uni- 
formity containing grain boundaries inclined to the Ni~Al 
layer. 
As was mentioned, all Ni^Al layer protrusions ob- 
served in TEM were found to occur at grain boundaries. 
It was also noted that these protrusions were "dimpled" 
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at the grain boundary/intermediate phase interface.  An 
example of this is shown in Figure 22.  While all pro- 
trusions were associated with Ni~Al grain boundaries, 
not all NinAl grain boundaries were associated with pro- 
trusions.  This was especially true for the inclined 
grain boundaries of Type II non-uniformities in longer 
hold time diffusion couples.  This is illustrated by the 
electron micrograph of Figure 23.  In this figure a grain 
boundary perpendicular to the Ni^Al layer is seen to be 
associated with a protrusion, while a grain boundary 
inclined to the Ni~Al layer is not associated with a 
protrusion. 
vO, D.  Ni3Al Layer Growth at 90(TC-105(rC 
The NioAl layer thickness data for the bulk speci- 
men diffusion couples run at 900 C-1050 C is given in 
Table 5.  Also included in this table is the average 
layer thickness data for the 1100 C/60 min. specimens. 
The number of protrusions per linear distance of Ni~Al 
layer for these same specimens are given in Table 6. 
From these tables it is apparent that both Ni^Al layer 
thicknesses and the number of Ni„Al layer protrusions 
decrease with increasing temperature. 
The typical microstructures produced by one hour 
diffusion treatments between 900°C-1100°C are shown in 
Figure 24.  These photomicrographs indicate the same 
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trends revealed by Tables 5 and 6.  From these photo- 
micrographs it is also evident that the lower tempera- 
ture diffusion couples contain a higher density of 
NioAl grain boundaries than the higher temperature 
couples. 
E. Ni-Plated Diffusion Couples 
NioAl layer thickness data for the Ni-plated dif- 
fusion couples is given in Table 7.  The number of pro- 
trusions per linear distance of Ni^Al layer for these 
same specimens is given in Table 8.  Typical structures 
produced in these couples are given in Figure 25.  From 
these tables and the figure it is evident that a sub- 
stantial NioAl layer is formed even when the specimen 
is brought to temperature in as little as 20 seconds. 
It is also apparent that the Ni-vAl layers of the Ni- 
plated diffusion couples contained many more grain 
boundaries than those of the bulk specimen diffusion 
couples. 
F. Analytical STEM Data 
X-ray intensity ratio profiles across Ni-Al layers 
were obtained for a specimen brought to 1100 C and 
quenched ("1100°C/To Temp") and a specimen held at 
1100°C for 15 minutes ("1100°C/15 min").  Two traces 
were taken on each of these specimens, one across a 
thin portion of the Ni^Al layer, and the other across a 
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nearby Type II non-uniformity.  A 200 A spot size and 
a 1000 A spot to spot distance were used for these 
analyses.  The data from these traces is tabulated in 
Tables 9-12. 
Figure 26 is a plot of the Al-Kcc/Ni-Ka x-ray inten- 
sity ratios obtained for the trace across the Type II 
non-uniformity in the ,1100°C/15"min sample.  This figure 
shows that distinct breaks are exhibited in the profile 
at the interfaces.  Furthermore, the general shape of 
the profile conforms reasonably well to that which would 
be anticipated from the expected concentration gradients 
(see Figure 1).  The x-ray intensity ratio profiles for 
the other traces were similar in nature. 
Unfortunately, the methods outlined in the Back- 
ground section could not adequately quantify the inten- 
sity ratio data.  Therefore, it was not possible to 
make valid comparisons of the various profiles in terms 
of absolute compositions.  Details of the problems in- 
volved with quantifying the intensity ratio data and 
converting it into concentration profiles will be pre- 
sented in the Discussion section. 
/ 
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V.  DISCUSSION 
A.  NipAl Layer Growth 
The short time Ni3Al layer growth data at 1100°C 
is compared with longer time data from Janssen (6) in 
Figure 27.  The least squares fit to the short time data 
-22 indicates a parabolic growth rate of 2.8 x 10   y/ 
/sec.  Extrapolation of this growth rate shows that 
Janssen1s data lie above it and have a somewhat faster 
growth rate.  However, this is not surprising since 
Janssen indicated that the 55a7o NirNiAl he used gave 
faster growth rates than stoichiometric NiAl (as was 
used in the present investigation). 
The most significant feature of Figure 27 is that 
the short term data does not extrapolate back to zero. 
In light of the fact that all these diffusion couples 
were brought to temperature in 240 seconds or less, the 
growth rate below 1100°C was apparently greater than that 
at 1100°C.  This results from the fact that grain bound- 
ary diffusion significantly contributes to NioAl layer 
growth below 1100 C.  Qualitatively, this phenomenon can 
be explained by considering how grain boundary diffusion 
contributes to layer growth and how the number of Ni^Al 
grain boundaries varies with time during heating. 
The growth rate expression of equation 4 is derived 
from consideration of the diffusional fluxes entering 
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and leaving an interfacial region.  These fluxes could 
arise from either lattice or grain boundary diffusion. 
An "effective" diffusivity which would consider contri- 
butions from both diffusion mechanisms could be expressed 
as: 
(10)
    ^effective " \  + 5GB ' N " « 
where:   D, = Lattice Diffusivity 
DGB = Grain Boundary Diffusivity 
N  = Number of Grain Boundaries per unit length 
6  = Width of Grain Boundary Region 
In general, an effective diffusivity term should be used 
for each phase in the growth rate expression 
Growth Rate    -,   ( ~        ~r ~ ~r 
Z^1   =C^|DNi(Mss)li!B-DNi3Alil B 
D„JA1 IS I  - D„. A, IS C1"C2 I NiA  ax -A   Ni3Al 9X _j_A i 
However, only the Ni~Al has a sufficient density of 
grain boundaries to warrant the use of an effective 
diffusivity term.  From the growth rate expression it 
is seen that an increase in the effective diffusivity 
of NioAl will promote a corresponding increase in the 
NioAl layer growth rate.  Similarly, a decrease in 
effective diffusivity will decrease the growth rate. 
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Once a continuous Ni-Al layer is formed the Ni~Al 
grains will grow laterally (i.e., perpendicular to the 
layer growth direction) and the number of grain bound- 
aries present will decrease with time.  Thus in a given 
diffusion couple the number of Ni^Al grain boundaries 
would be expected to decrease as the diffusion couple 
approaches 1100 C.  This will correspondingly decrease 
the effective Ni~Al diffusivity and the NioAl layer 
growth rate.  The net result is that the Ni-Al layer 
growth rate decreases with increasing temperature as 
the diffusion couple is heated. 
It has been shown that growth during heating is a 
dominant factor in short term Ni^Al layer growth.  In 
this regard the heating rate of the diffusion couples 
should have a major influence on the amount of Ni^Al 
layer formed.  Heating rate effects can be evaluated by 
comparing the Ni^Al layer thickness in bulk specimens 
and Ni-plated diffusion couples heated to 1100 C and 
quenched.  These diffusion couples were brought to 
temperature in ^200 seconds and ^20 seconds, respective- 
ly.  The Ni3Al layer thickness of the "1100°C/To Temp" 
bulk specimen is 1.6 y (Table 3) and that of the "To 
1100°C in 20 sec" Ni-plated specimen is 0.9 y (Table 7) 
As would be expected, these layer thicknesses qualita- 
tively indicate that decreasing the time spent in 
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heating decreases the Ni~Al layer thickness. 
Quantitative interpretation of these experiments is 
not straightforward.  From Tables 4 and 8 it is seen 
that the bulk specimens contained less than 170 Ni~Al 
layer protrusions/mm, while the Ni-plated specimen 
contained 297 protrusions/mm.  Since protrusions are 
associated with the presence of Ni~Al grain boundaries, 
the NioAl layer of the diffusion-couples could not have 
had similar effective diffusivities.  The effective 
diffusivity in the Ni-plated specimen would have been 
higher than that in the bulk specimen.  This fact not 
withstanding, an attempt at quantitative comparison may 
be made by assuming the major portion of Ni~Al layer 
growth occurs between 900 C and 1000 C.  Using Figures 
15 and 16, the time spent in this temperature range is 
^24-34 for the bulk specimens and ^3 seconds for the 
Ni-plated specimen.  Assuming layer growth to be pro- 
portional to the square root of time, this <L0:1 ratio 
in time at temperature for the two types of diffusion 
couples would result in an ^3:1 ratio in layer thick- 
nesses.  The fact that the actual ratio in layer thick- 
nesses is 1.8:1 may be attributed to differences in the 
effective diffusivities in the two types of diffusion 
couples.  The higher effective diffusivity in the Ni- 
plated specimen would serve to increase its Ni^Al layer 
thickness. 
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Hence the ratio in layer thicknesses would be less than 
that indicated from time at temperature considerations. 
B.  Layer Morphology 
The non-uniform layer growth in the 1100°C experi- 
ments (i.e., Type I and II non-uniformities) originated 
below 1100 C due to grain boundary diffusion effects 
during heating.  As previous sections have shown, these 
non-uniformities were exclusively associated with Ni^Al 
grain boundaries.  In addition, only grain boundary 
diffusion enhanced layer growth would account for the 
magnitude of layer growth which occurred during heating. 
The fact that the density of Ni^Al layer protrusions 
decreased with increasing hold time at 1100 C further 
suggests that grain boundary diffusion no longer strong- 
ly contributes to layer growth at 1100°C. 
Certain NioAl grain boundaries in long hold time 
Type II non-uniformities were not associated with layer 
protrusions.  These were generally inclined to ^the NioAl 
layer.  There are two possible explanations for this 
behavior.  These boundaries could be inherently different 
from protruding boundaries, and the protruding/non-     x 
protruding nature could be related to their associated 
diffusivities.  Alternately, the inclination of these 
boundaries to the layer may not have made them as ef- 
fective contributors to layer growth as those which were 
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perpendicular to the layer, that is, those which were 
oriented parallel to the diffusion direction.  It was 
not possible to differentiate between these two possi- 
bilities. 
C.  STEM Analysis 
Methods for Determining "K" Factors 
At the present time there are no definitely estab- 
lished procedures for determining "K" factors in strong- 
ly absorbing systems.  There are, however, three methods 
which could be proposed for determining "K" factors 
using thin foils of a single composition.  These are 
best described with the aid of Figure 28.  This figure 
schematically illustrates raw and absorption corrected 
x-ray intensity ratios as a function of thickness in a 
homogeneous thin foil.  The raw intensity ratios would 
increase with increasing thickness and the corrected 
ratios would by definition form a horizontal line.  At 
zero foil thickness both plots should converge to the 
same value.  (Experimentally this will not always occur.) 
In method (1) the raw intensity ratio plot would 
be extrapolated back to zero foil thickness.  The "K" 
factor would then be calculated from this intensity 
ratio value (]~/T?) and the concentration ratios with 
the expression: 
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Similarly, method (2) would extrapolate the absorption 
corrected intensity ratio plot back to zero foil thick- 
ness.  This value would then be used in equation 11 to 
calculate the "K" factor.  Method (3) would utilize the 
individual absorption corrected inetnsity ratios to 
calculate "K" factors with the equation: 
n« K °A h  »/p)spec fr-Mu/P)*  -P-t-csca)} (LZ)       K.AR - p— j f   / TT . CB XA V/P)%ec   {L-l-(w/p)fpec-P-t.c.ca)} 
These individual "K" factors would then be used to cal- 
culate an average "K" factor in much the same way they 
are determined in non-absorbing systems. 
Various factors will affect the accuracy of these 
three methods.  For each method the raw intensity ratios 
will be subject to counting statistic errors.  In me- 
thods (1) and (2) error will be introduced in placement 
along the vertical axis due to uncertainties in foil 
thickness determinations.  Methods (2) and (3) which 
utilize absorption corrected intensity ratios will have 
errors compounded by inaccuracies in foil thickness and 
the absorption correction formula.  (As will be shown 
later, the error introduced by the correction formula 
itself can be substantial.)  Giving consideration to 
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these various sources of error, it would appear that 
Method (1) would be the most accurate of these three 
methods. 
Geometric Considerations 
Earl}' in this investigation it was found that sig- 
nificant error may be introduced into corrected inten- 
sity ratios due to foil geometry and orientation ef- 
fects.  These errors arise from the assumption in the 
absorption correction formula (equation 7) that the path 
length (P.L.) of the exiting x-rays is given by: 
P.L. = t esc a 
In wedge shaped foils this assumption will only be true 
when the detector is oriented such that the analyzed 
x-rays have a constant thickness exit path.(i.e., when 
the detector axis is parallel to an iso-thickness con- 
tour) .  When this condition is not satisfied both the 
foil geometry and detector orientation must be taken into 
consideration to determine the actual path length.  The 
foil geometry will affect the magnitude of the difference 
between the calculated and actual path length, and the 
detector orientation will determine whether the actual 
path length increases or decreases. 
This effect was dramatically demonstrated for the 
situation shown in Figure 29.  For this demonstration 
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two analyses were taken.  Analysis #1 was taken with the 
detector oriented perpendicular to the thickness con- 
tours such that the analyzed x-ray passed through the 
thinner portions of the foil.  For analysis #2 the foil 
was physically rotated 180 so that the analyzed x-rays 
would pass through the thicker portions of the foil. 
Contamination spots were then formed at locations A, B, 
and ^J to allow the foil geometry to be determined.  The 
results of this experiment are given below.  In spite 
of the fact that analysis #1 was taken in a thicker 
portion of the foil its Al-Ka/Ni-Ka intensity ratio 
indicates that its x-rays were absorbed less than those 
of analysis #2.  The ratio of the intensity ratios for 
these two analyses is 1.96.  Absorption calculations 
based on path lengths PL = t esc a indicate the ratios 
should be 0.96.  However, calculations using the actual 
path lengths based detector orientation indicate the 
ratio should be 2.15.  It is also interesting to note 
that the calculated path lengths differ from the actual 
path lengths by over 45%. 
Al-K   Foil Path Length 
Analysis Ni-K Thickness  Calculated   Actual 
#1    .3784 2720 A°     3976 A°    2700 A° 
#2    .1931  2570 A°     3760 A°    6700 A° 
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The preceding paragraphs have dealt exclusively 
with geometric considerations in homogeneous thin foils 
of a specific composition.  As such the foils exhibited 
constant x-ray absorption characteristics along the path 
length of the x-rays as they exited the foil.  When 
composition gradients are present in a thin foil the 
absorption characteristics will not necessarily be 
constant along all possible x-ray exit paths.  Care 
must therefore be taken to orient the foil in a manner 
which insures the x-rays travel through the foil along 
an exit path having constant absorption characteristics. 
These conditions would be met by traveling along an iso- 
compositional path.  This is why the diffusion couple 
thin foils were oriented with the interfaces parallel 
to the x-ray detector axis. 
"K" Factor Determinations 
Data for "K" factor determinations was collected 
for two different EDS x-ray detectors.  The thin foil 
used for these determinations was made from the NiAl 
single crystal used in the diffusion experiments.  Care 
was taken in obtaining this data to insure the detector 
axis was parallel to iso-thickness contours in the foil. 
In addition, all the analyses for a given detector were 
taken from the same general area of the specimen. "This 
maintained a reasonably constant foil geometry for a 
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given set of data. 
The data obtained with both detectors are given in 
Figure 30 and Table 13.  Presented along with the raw 
intensity data are intensity ratio values corrected for 
specimen absorption with equation 7.  From Figure 30 it 
is immediately apparent that the data for Detector B is 
displaced relative to that of Detector A.  This is most 
probably due to differences in Be window thickness (see 
Background section) and is not of major concern.  The 
fact that both detectors exhibit essentially the same 
slopes for the least squares fits to the raw and cor- 
rected intensity ratio plots indicates the data are 
consistent for both detectors.  The "K" factors deter- 
mined from extrapolation of the raw intensity ratio    * 
data are 0.99 and 0.72 for detectors A and B, respect- 
ively.  The theoretical "K" factor for a detector with 
a 7.5 y Be window is "0.78 (27). 
The disturbing feature of Figure 30 is that the 
corrected intensity ratio plots have a negative slope. 
This is an indication that an over-correction is being 
made that is a function of foil thickness.  For detector 
B this over-correction amounts to an ^11% difference in 
absorption corrected intensity ratios over the range of 
0-4000 A.  At this point no reasonable explanations can 
be found to account for this thickness dependent over- 
, correction. 
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A cursory investigation was made to determine if 
the depth distribution of x-ray production (<f>(pt) in 
equation 6 could account for this over-correction.  in 
developing the model for the x-ray absorption correc- 
tion in thin foils it is assumed that (J).(pt) - <J>R(pt) 
= 1.0.  However, using Monte Carlo simulations Kyser 
(33) has shown that tf>(pt) functions become thickness 
dependent with increasing density.  His data (which 
extend to 4000 A) indicate that cf)(pt) of Al is es- 
sentially constant.  Data for <}>(pt) of Cu, however, 
show that <j)(pt) increases with increasing thickness. 
If one assumes that 4>(pt) of Ni behaves similarly to 
(j)(pt) of Cu, equation 7 would under-correct for ab- 
sorption in the Ni-Al system.  Further work needs to be 
done in this area before definitive statements can 
be made.  In particular, data for (j)(pt) of Ni need 
to be generated. 
It is also apparent from Figure 30 that the raw and 
corrected intensity ratio plots do not converge at zero 
foil thickness.  This is another manifestation of an 
over-correction, and it is believed to be due to a con- 
sistent over-estimation in foil thickness.  This over- 
estimation is probably due to the presence of a surface 
layer whose mass absorption coefficients are much less 
than those of the foil.  The fact that data from detector 
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A came closer to converging than data from detector B 
may be related to the length of time of ion beam thinning 
prior to STEM analysis.  Prior to analysis with detector 
A the foil was cleaned in an ion thinner for ^30 minutes. 
Only 15 minutes of similar cleaning was employed in the 
case of detector B.  Another possibility is that foil 
geometry and orientation effects combined to make the 
actual x-ray path lengths less than those calculated. 
Since precautions were taken to prevent this, it is un- 
likely these effects were of great influence.  However, 
both possibilities were given consideration. 
Figure 31 shows how the absorption corrected data 
would be modified assuming 200 A surface layers (i.e., 
400 R total) and a 0.8 "t" geometric effect.  (These were 
plausible but arbitrary assumptions.)  From this figure 
it can be seen that the surface layer modification changes 
the y-intercept but leaves the slope essentially un- 
changed.  With such a modifications less than a 400 A 
total of surface layers would be needed to bring the plots 
into convergence.  The geometric modification is seen to 
change both the intercept and the slope of the corrected 
intensity ratio plot.  However, to bring the plots into 
convergence the actual x-ray path length would have to 
be less than that given by the 0.8 "t" modification. 
This could not have been the actual situation since even 
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a 0.8 "t" modification would require the detector axis 
to be inclined more than 30 to the thickness contours 
rather than parallel to them. 
Implications to Diffusion Couple Data 
Two important conclusions can be drawn from the pre- 
ceding sections which have significant implications to 
any attempt to quantify analytical STEM data in the Ni- 
Al system.  One is that the standard absorption correction 
formula given in equation 7 will exhibit a tendency for 
thickness dependent over-correction.  The other is that 
layers of surface contaminants will cause an over-esti- 
mation of foil thickness which also results in an over- 
correction of the data.  While the latter of these prob- 
lems can be greatly alleviated by cleaning in an ion 
thinner prior to analysis this was not a viable option 
for the diffusion couple thin foils produced in this in- 
vestigation.  In these foils thin interfacial regions 
were not readily obtained.  Once thinned, the foils could 
not be subjected to ion cleaning prior to STEM analysis 
with any hope of retaining the thin interfacial regions. 
(In retrospect, this problem could have been avoided by 
performing the analyses immediately following the initial 
ion thinning.)  Given these considerations, it was im- 
possible to obtain accurate STEM composition profiles 
for the diffusion couples.  The following discussion is 
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therefore only meant to illustrate the general magnitude 
of the absorption correction required in the diffusion 
couples.  It is not meant as an attempt to present ac- 
curate composition data. 
The magnitude of the absorption correction that would 
be necessary in the diffusion couple thin foils is illus- 
trated in Figure 32.  This figure shows semi-quantitative 
composition data from a trace taken across a Type II 
non-uniformity in an'1100 C/15"min diffusion couple. 
These profiles were obtained from the absorption correc- 
tion program of Appendix 2 using a pseudo-"K" factor of 
0.50.  This pseudo-"K" factor was back calculated from 
the original intensity ratio profile and it compensates 
for over-corrections from the absorption correction 
formula and substantial layers of surface contaminants. 
The lower profile is derived from the pseudo-"K" 
factor only with no corrections made for absorption.  The 
upper profile takes both the pseudo-"K" and absorption 
into account.  Also given in this figure is the thickness 
profile across this area of the thin foil.  It Is in- 
teresting to note that there is a discontinuity in the 
absorption corrected profile at the point where the foil 
abruptly increases in thickness.  The profile resumes 
its downward trend once the foil thickness again becomes 
reasonably uniform.  This is further confirmation that 
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the absorption correction formula makes a thickness 
dependent over-correction. 
VI.  SUMMARY AND CONCLUSIONS 
A. Short Term Ni3Al Layer Growth (in NiAl/toi Diffusion Couples) 
In short term experiments at 1100°C a major portion 
of the NioAl layer forms during heating.  The short 
duration of the heating cycles experienced by these 
diffusion couples (less than 240 seconds) indicates that 
the NioAl layer grows faster during heating to 1100 C 
than it does at 1100°C.  This enhanced layer growth is 
related to grain boundary diffusion effects. 
B. NioAl Layer Morphology 
Two types of non-uniformities are seen in the NioAl 
layers of NiAl/Ni diffusion couples run at 1100 C. 
Both of these are associated with grain boundaries in 
the NioAl layer.  One contains a single grain boundary 
and appears as a distinct protrusion in the NioAl layer. 
The other contains numerous grain boundaries and is 
associated with a general thickening of the NioAl layer. 
The individual grain boundaries in this latter type of 
non-uniformity may or may not be associated with dis- 
tinct protrusions. 
These non-uniformities and protrusions are mani- 
festations of grain boundary diffusion enhanced layer 
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growth.  They originate during heating where grain 
boundary diffusion effects are seen to be dominant.  At 
1100°C the number of protrusions decreases with time. 
This is seen as an indication that grain boundary diffu- 
sion effects are no longer significant at this tempera- 
ture. 
C. Applicability of Thin Foil Techniques 
It has been demonstrated that it is possible to use 
thin foil electron optical techniques to study early 
stage growth in diffusion couples.  Both TEM and STEM 
data may be obtained from these studies. 
D. Quantitative STEM Analysis 
Efforts to quantify the analytical STEM data have 
brought to light several interesting effects which had 
not been previously considered.  In highly absorbing 
systems foil geometry and orientation effects can intro- 
duce substantial errors in the absorption correction. 
This is due to miscalculation of the exiting x-ray path 
length.  Additionally, the current model for absorption 
correction has been shown to produce a thickness de- 
pendent over-correction.  At this time no explanation is 
available for this effect. 
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Table 1  Interdiffusion Coefficients for Phases Found 
in NiAl/Ni Diffusion Couples 
Phase Diffusivity Function (cm /sec) 
NiAl:Al-rich*    D = 2.4xl0"32 exp 1.027«(a% Al) 
NiAl:Ni-rich*    D = 2.2xl0~4exp- 0.298«(a% Al) 
Ni3Al:Lattice    D = 0.44 exp- 58,000/RT 
-8 Ni3Al:Effective  D = 2.1x10   exp- 12,100/RT 
Ni(Algs) D =  0.073+0.0146 • (a% Al) 
exp- 56,000/RT 
* At 1100UC 
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Specimen Exp< ariments 
Thicknesses in Microns 
Average 
Specimen" Ni3Al** ±o Minimum Maximum 
A 1.4 0.6 1.1 2.5 
1.4 0.5 0.8 2.8 
1100°C/To Temp B 1.8 0.4 0.9 2.5 
1.7 0.4 1.0 2.4 
C 1.8 0.5 1.1 2.9 
A 2.0 0.7 1.3 4.4 
2.0 0.7 0.9 2.8 
1100°C/5 min B 2.0 0.5 1.3 2.4 
2.1 0.7 1.3 3.5 
C 1.8 0.5 1.3 3.1 
2.1 0.6 1.3 3.4 
A 2.0 0.5 1.3 3.5 
2.3 0.7 1.3 3.5 
llpp°C/15 min B 2.3 0.6 1.8 3.5 
2.1 0.4 1.5 3.1 
C 2.2 1.0 1.3 . 
1.3 
4.4 
2.0 0.9 4.2 
A 2.9 0.8 1.8 4.8 
2.8 1.0 1.8 5.3 
1100°C/30 min B 3.4 1.7 1.1 5.9 
2.8 0.9 0.9 4.2 
C 3.0 1.4 0.9 6.1 
3.1 1.0 2.0 5.3 
A 2.8 0.7 2.0 4.2 
3.3 1.1 1.8 5.3 
1100°C/60 min B' 2.7 0.7 1.5 3.9 
3.0 0.9 2.0 4.6 
C 3,2 1.2 1,3 5.0 
2.7 0.7 2.0 3.7 
1100°C/180 min 4.6 1.8 
\2?$\ 
9.0 
4.6 1.7 7.9 
■^Specimens A, B, and C refer to the three diffusion 
couples run at each hold time. 
**Average of 15 readings taken at 200 y spacings on 
either side of the center line of the diffusion couple 
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1100°C Bulk Spi ecimen Experiments 
i Thickness in Microns i 
Specimen Ni3Al ±0 Minimum Maximum 
1100°C/To Temp 1.6 0.5 1.0 2.6 
1100°C/5 min 2.0 0.6 1.2 3.3 
1100°C/15 min 2.2 0.7 1.4 3.7 
1100°C/30 min 3.0 1.1 1.4 5.3 
1100°C/60 min 3.0 0.9 1.8 4.4 
1100°C/180 min 4.6 1.8 2.5 8.4 
*Data of Table 2   averaged for each particular hold 
time. 
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Table 4 Number of Protrusions per Linear Distance of 
Ni~Al Layer:  1100 C Bulk Specimen Experiments 
Sp ecimen* Protrusions/mm Average 
1100°C/To Temp 
A 
B 
C 
104.6 , 
147.9 , 
152.6 , 
115.3 
161.8 
172.7 
110.0 
154.9 
162.7 
1100°C/5 min 
A 
B 
C 
136.2 
108.1 
129.6 
139.1 
123.1 
114.3 
137.7 
115.6 
122.0 
1100°C/15 min 
A 
B 
C 
83.3 
78.7 
83.8 
109.2 
74.3 
97.4 
96.3 
76.5 
90.6 
1100°C/30 min 
A 
B 
C 
84.0 
96.8 
120.9 
81.5 
, 126.8 
, 114.4 
82.8 
111.8 
117.7 
1100°C/60 min 
A 
B 
C 
71.0 
71.6 
61.9 
59.6 
,  60.7 
,  65.1 
65.3 
66.2 
63.5 
1100UC/180 min 63.3 , 56.5 59.9 
*  Specimen A, B, and C refer to the three diffusion 
couples run at each hold time. 
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Table 5 Ni^Al Layer Thickness Data:  900oC-1100°C 
Thicknesses in Microns 
Specimen 
Average 
Ni3Al* ±a Minimum Maximum 
900°C/60 min 6.5 0.9 5.3 7.9 
6.4 1.3 4.4 8.1 
950°C/60 min 5.4 1.3 3.1 7.9 
5.3 1.3 3.3 7.2 
1000°C/60 min 3.7 1.3 2.2 6.4 
3.5 1.1 2.2 5.7 
1050°C/60 min 3.0 0.8 1.8 4.4 
2.4 
r 
0.8 1.3 3.9 
1100°C/60** 3.0 0.9 1.8 4.5 
,vAverage of 15 readings taken at 200 micron spacings 
around the centerline of the couple. 
**Average Data from three separate diffusion couples 
taken from Table 2. 
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Table 6 Number of Protrusions per Linear Distance of 
Ni3Al Layer:  900OC-1100°C Bulk Specimen 
Experiments 
Specimen Protrus ions/mm Average 
90CTC/60 min 
950°C/60 min 
1000°C/60 min 
1050°C/60 min 
1100°C/60 min 
227.3 ,   192.9 
147.4 ,   147.1 
113.9   ,   136.4 
75.8 ,  96.6 
Average of 3 couples 
210.1 
147.2 
125.2 
86.2 
65.0 
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Table 7 NigAl Layer Thickness Data:  Ni-Plated 
Diffusion Couples 
Thicknesses in Microns 
Specimen 
Average 
Ni3Al* ±o Minimum Maximum 
To 1100UC in 
20 sec 0.9 ■> Quenched 
To 1100°C in 
20 sec 2.2 
•> Held 15 min 
To 1100°C in 
60 sec 2.3 
-> Held 15 min 
0.3 
0.6 
0.7 
0.5 
1.3 
1.8 
1.4 
3.5 
3.9 
^Average of 26 readings. 
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Table 8 Number of Protrusions per Linear Distance 
of NipAl Layer:  Ni-Plated Diffusion Couples 
Specimen Protrusions/mm 
To 1100°C in 20 sec -*• Quenched 297 
To 1100°C in 20 sec -+ Held 15 min 83.9 
To 1100°C in 60 sec -»• Held 15 min        126.4 
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Table 9 STEM Data for "1IOOQC/To Temp" Specimen: 
Thin Ni3Al Layer 
Peak Intensities Foil Distance 
Phase Al-Ka Ni-Ka Thickness Along Trace 
NiAl 21,466 122,230 3,030 A° 820 A° 
NiAl 15,551 85,232 2,960 A° 1,530 A° 
NiAl 14,698 77,767 2,660 A° 2,360 A° 
NiAl 13,652 63,666 2,260 A° 3,610 A° 
NiAl 12,029 47,645 2,090 A° 4,930 A° 
NiAl 9,057 32,890 1,760 A° 6,100 A° 
Ni~Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni~Al 
Ni^Al 
7,104 41,646 " 1,620 A° 7,530 A° 
7,059 46,953 1,880 A° 8,760 A° 
7,069 50,116 1,950 Ao 9,790 A° 6,396 50,513 2,260 A° 10,770 A° 
7,502 57,803 2,300 A° 11,810 A° 
7,883 64,563 2,300 A° 12,670 A° 
7,646 73,648 2,380 A° 14,140 A° 
7,348 81,985 2,560 A° 15,170 A° 
Ni(Al  : )  3,720 84,286 3,320 A° 16,670 A° 
Ni(Al": )  3,805 88,156 3,750 Ao 18,040 A° NKAI": )  3,456 84,485 3,590 A° 19,170 A° 
Ni(Alss: )  3,414 78,864 3,240 A° 20,480 A° 
Ni(Alss: )  3,062 70,647 2,960 A° 21,520 A° 
Ni(Alss; )  2,696 60,069 2,760 A° 22,870 A° 
Ni(Alss; )  2,582 62,565 2,760 A° 24,100 A° 
Ni(Alss: )  2,586 70,823 2,760 A° 25,320 A° 
Ni(Alss; )  2,370 77,053 2,960 Ao 26,600 A° Ni(Alss; )  2,280 75,708 3,160 A° 27,790 A° 
Ni(Alss; )  2,229 76,680 3,160 Ao 28,800 A° Ni(Alss; )  1,944 75,243 3,160 A° 29,740 A° 
Ni(Alss< )  1,845 71,693 3,080 A° 30,610 A° 
Ni(Alss )  1,569 69,847 2,920 A° 31,750 A° ss 
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Table 10  STEM Data for "1100°C/To Temp" Specimen: 
Type II Non-Uniformity in Ni^Al Layer 
Phase 
Peak Intensities 
Al-Ka     Ni-Ka 
Foil     Distance 
Thickness Along Trace 
NiAl 12,949 131,834 ^3,800 A° 1,000 A° 
NiAl 12,604 122,860 ^3,800 A° 2,000 A° 
NiAl 12,207 117,742 V3,800 A° 3,000 A° 
NiAl 11,928 101,479 ^3,800 A° 4,000 A° 
NiAl 11,947 108,233 ^3,800 A° 5,000 A° 
NiAl 8,653 111,612 ^3,800 A° 6,000 A° 
NiAl 8,509 106,396 %3,800 A° 7,000 A° 
NiAl 8,281 99,066 ^3,800 Ao 8,000 A° NiAl 8,382 86,338 ^3,800 A° 9,000 A° 
NiAl 8,345 83,234 ^3,800 A0 10,000 A° 
Ni~Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
5,467 85,037 3,060 Ao 11,810 A° 5,593 88,576 3,650 A0 12,810 A° 
5,472 88,821 3,690 A° 13,670 A° 
5,731 89,480 3,620 A° 15,320 A° 
5,879 93,136 3,420 A° 16,550 A° 
3,301 45,880 2,330 Ao 20,260 A° 4,352 49,237 2,660 A° 24,270 A° 
4,385 56,834 2,660 A° 28,320 A° 
5,301 71,918 2,930 A° 32,540 A° 
4,461 61,042 3,020 A° 33,700 A° 
4,350 55,394 3,060 A° 34,790 A° 
4,038 51,686 3,110 A° 35,590 A° 
3,918 50,722 3,150 A° 36,680 A° 
3,594 52,520 3,200 A° 37,530 A° 
Ni(Al  ) 2,510 64,762 2,690 A° 39,200 A° 
Ni(Al^) 2,349 65,842 2,730 A° 40,100 A° 
Ni(Alss) 2,217 65,413 2,770 A° 40,910 A° 
Ni(Alss) 2,090 67,991 2,810 A° 41,890 A° 
Ni(Alss) 2,006 66,420 2,850 A° 42,650 A° 
Ni(Al^) 1,493 64^234 2,920 A° 43,740 A° 
Ni(Al^) 1,804 77,548 2,920 A° 44,640 A° 
Ni(Al^) 1,682 83,588 3 ,040 A° 45,900 A° 
Ni(Alss) 1,592 80,561 3,040 A° 46,760 A° 
Ni(Alss) v
  ss 
1,264 78,818 3,040 A° 48,120 A° 
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Table 11 STEM Data for "1100°C/15 min" Specimen: 
Thin Ni3Al Layer 
Peak Intensities 
Phase    Al-Ka     Ni-Ka 
Foil 
Thickness 
Distance 
Along Trace 
NiAl 13, 282 52,633 3,590 A° 880 A° 
NiAl 15, 933 67,029 3,480 A° 2,180 A° 
NiAl 17-, 411 77,987 4,130 A° 2,920 A° 
NiAl 18, 491 87,277 3,590 A° 3,820 A° 
NiAl 18, 043 93,751 3,950 A° 4,900 A° 
NiAl 18, 904 100,366 4,130 A° 5,640 A° 
NiAl 19, 292 100,875 4,670 A° 6,320 A° 
NiAl 19, 092 100,561 4,730 A° 7,000 A° 
NiAl 18, 790 96,261 4,310 A° 8,100 A° 
NiAl 19, 618 97,909 4,730 A° 9,380 A° 
NiAl 20, 103 100,241 4,730 A° 10,320 A° 
NiAl 19, 780 101,091 4,130 A° 11,320 A° 
NiAl 20, 016 101,834 4,130 A° 12,400 A° 
NiAl 17, 981 97,399 4,550 A° 13,500 A° 
NiAl 17, 472 91,438 4,730 A° 14,560 A° 
NiAl 16, 548 89,213 4,730 A° 15,400 A° 
Ni.Al 
NioAl 
NioAl 
NifAl 
NioAl 
NioAl 
NifAl 
Ni^Al 
NioAl 
Ni^Al 
10, .942 95,777 4,190 A° 16,100 A° 
10, 082 99,020 4,130 A° 16,700 A° 
9 964 98,823 4,130 A° 18,680 A° 
9 805 99,851 4,190 A° 20,000 A° 
10 767 104,338 4,130 A° 21,120 A° 
11 214 109,564 4,190 Ao 22,320 A° 11 858 115,299 3,720 A° 23,340 A° 
11 ,151 114,135 3,590 A° 24,360 A° 
10 171 112,222 3,830 A° 25,260 A° 
8 ,839 112,375 4,250 A° 26,140 A° 
Ni(Al : 5 ,651 120,574 3,950 Ao 27,640 A° Ni(Al^: )  6 ,487 122,190 4,250 A° 28,520 A° 
Ni(Al^: )  6 ,207 127,332 3,950 A° 29,820 A° 
Ni(Alss; )  6 ,753 141,167 4,310 A° 30,600 A° 
Ni(Alss; )  6 ,454 137,738 4,670 A° 31,760 A° 
Ni(Alss; )  6 ,240 133,450 4,730 Ao 32,440 A° Ni(Alss: )  6 ,674 142,204 4,370 Ao 33,700 A° Ni(Al^; )  6 ,609 148,268 4,970 Ao 34,560 A° Ni(Al^; )  6 ,360 152,939 4,430 Ao 35,760 A° Ni(Alss; )  5 ,944 158,266 4,790 A° 36,820 A° 
Ni(Alss. 
ss 
)  6 ,362 72,209 4,730 A° 38,000 A° 
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Table 13 STEM Data for "K" Factor Determinations 
Detector A 
Foil ■ Peak Intensities Intensi ty Ratios 
Thickness Al-Ka Ni-Ka Raw Corrected 
1810 A° 18,533 56,283 3.034 1.933 
1020 A° 9,811 26,725 2.724 2.081 
1260 A° 14,372 37,440 2.606 1.874 
2300 A° 25,684 85,497 3.328 1.858 
2950 A° 29,314 120,119 4.098 2.018 
1570 A° 11,303 31,826 2.816 1.879 
1950 A° 15,597 46,817 3.002 1.835 
2330 A° 19,127 62,041 3.244 1.820 
2540 A° 21,871 77,173 3.589 1.893 
2720 A° 25,295 87,550 3.462 1.787 
1100 A° 8,360 22,910 2.740 2.052 
1660 A° 16,532 43,831 2.651 1.732 
2090 A° 23,357 72,391 3.099 1.794 
Detector B 
Foil Peak Intensities Intensi .ty Ratios 
Thickness Al-Ka Ni-Ka Raw Corrected 
2,310 A° 16,379 36,096 2.204 1.241 
2,760 A° 19,793 47,610 2.406 1.230 
3,280 A° 23,167 59,144 2.553 1.176 
3,560 A° 26,967 75,199 2.789 1.217 
4,000 A° 30,677 95,596 3.116 1.254 
2,010 A° 14,373 31,522 2.193 1.320 
3,000 A° 21,428 53,590 2.501 1.218 
3,410 A° 24,416 67,701 2.773 1.245 
3,920 A° 27,354 82,490 3.016 1.231 
2,090 A° 15,831 34,591 2.185 1.291 
2,600 A° 21,747 50,233 2.310 1.222 
2,900 A° 25,901 61,825 2,387 1.186 
3,070 A° 27,061 64,760 2.393 1.149 
2,280 A° 18,742 42,860 2.285 1.296 
2,770 A° 23,247 57,016 2.453 1.252 
2,770 A° 24,747 62,350 2.748 1.286 
2,560 A° 22,860 55,633 2.434 1.298 
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Table 12  STEM data for "1100°C/15 min" Specimen: 
Type II Non-Uniformity in NioAl Layer 
Phase 
Peak Intensities 
Al-Ka      Ni-Ka 
Foil 
Thickness 
Distance 
Along Trace 
NiAl 10,285 34,471 1,710 A° 1,320 A° 
NiAl 10,730 36,074 1,710 A° 2,200 A° 
NiAl 11,012 37,630 1,740 A° 3,200 A° 
NiAl 9,543 32,404 1,740 A° 4,300 A° 
NiAl 8,968 30,108 1,740 A° 5,860 A° 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni.Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
Ni^Al 
7,823 39,487 1,710 A° 8,160 A° 
7,298 38,626 1,740 A° 9,340 A° 
6,164 33,782 1,810 A° 10,360 A° 
5,404 30,022 1,580 A° 11,380 A° 
5,583 30,500 1,670 A° 12,820 A° 
6,690 37,843 1,770 AO 14,380 A° 
7,844 43,003 1,630 A° 15,500 A° 
9,335 51,577 1,810 A° 16,800 A° 
9,981 58,306 1,860 A° 17,720 A° 
11,983 67,612 1,860 A° 19,040 A° 
10,381 62,527 1,900 A° 20,340 A° 
12,648 84,314 1,950 A° 21,660 A° 
12,773 81,876 2,000 A° 22,960 A° 
14,042 88,400 1,670 A° 24,120 A° 
18,827 98,531 1,900 A° 25,380 A° 
4,769 31,484 2,560 A° 26,460 A° 
9,495 68,810 2,740 A° 27,440 A° 
10,298 78,457 3,020 A° 28,600 A° 
11,072 88,401 3,380 A° 29,660 A° 
11,009 95,482 3,770 A° 30,800 A° 
10,049 95,645 3,770 A° 31,820 A° 
9,143 94,075 3,870 A° 33,200 A° 
9,115 94,293 3,9-30 A° 34,020 A° 
9,732 98,891 4,150 A° 35,300 A° 
9,835 105,610 4,310 A° 36,400 A° 
10,171 111,830 4,360 A° 33,200 A° 
Ni(Al  : 6,465 142,136 3,870 A° 38,360 A° 
Ni(Alss; >   5,945 146,255 4,360 A° 39,200 A° 
Ni(Al^: )   6,162 145,316 4,420 A° 40,280 A° 
Ni(Alss: )  5,658 145,417 4,420 A° 41,080 A° 
Ni<Ai": )       5,822 151,039 4,470 A° 42,400 A° 
NKAi": )   5,410 145,426 4,310 A° 43,380 A° 
NKAi": )   5,337 146,130 4,310 A° 44,100 A° 
Ni(Alss: )   5,094 144,652 4,360 A° 45,060 A° 
Ni(Al" )   5,402 146,984 4,310 A° 46,020 A° 
Ni(Alss )   5,951 148,605 4,420 A° 47,160 A° 
Ni(AlSS ss )  6,160 155,104 4,310 A° 48,180 A° 
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Figure 1 Typical Structures and Composition Profile 
Developed in NiAl/Ni Diffusion Couples 
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Figure 3   Density vs. Composition for the Various 
Phases in NiAl/Ni Diffusion Couples 
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Figure 7   Ni~Al Layer Thickness vs. Square Root 
of Time.  Taken from Janssen (6) 
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Figure 10  Illustration of Bulk Specimen Diffusion 
Couples and How They Were Sectioned 
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Figure 11  Diffusion Clamp Used for Bulk 
Specimen Diffusion Couples 
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Figure 12  Thermocouple/Specimen Arrangement Used 
with Ni-Plated Diffusion Couples 
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Figure 13 Surface Appearance of Thin Foils Dur- 
ing Various Stages of Final Thinning 
a) Ground and Polished; b) Electro- 
polished; c) Initial Ion Thinning; 
d) Thinned to a "Hole"; e) Close-up 
of d. 
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SYSTEM DATA INPUT: 
"K" Ratio,  Take-Off Angle, 
Absorption Parameters, 
Density    Functions 
RAW DATA  INPUT: 
X-Ray Intensities 
Foil Thickness 
and Distance 
Calculate Concentration 
Ratios 
Convert  to Wt.   Percent 
Calculate    Densities 
Calculate Absorption 
Coefficients H 
Calculate Absorption 
Corrected    Concentration 
Ratios 
Do Successive Corrected 
Concentration Ratio 
Values  Converge 
No Yes 
Re-iterate Corrected 
Concentration Ratios 
Output Corrected 
Values 
Figure 14   Flow Chart for Absorption 
Correction Computer Program 
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Figure 17  Typical Structures in Bulk Specimen Diffu- 
sion Couples Held at 1100°C for Various 
Times 
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Figure 18  Schematic Representation of Ni-Al 
Layer Non-Uniformity Types 
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Figure 19   Light Micrographs of NioAl Layer 
Non-Uniformities 
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Figure 20  TEM Micrograph of a Type I Non-Uniformity 
in an "1100°C/To Temp" Diffusion Couple 
Figure 21 TEM Micrograph of a Portion of a Type II 
Non-Uniformity in an "1100°C/To Temp" 
Diffusion Couple 
.86 
Figure 22  TEM Micrograph of the "Dimple" in an 
NioAl Layer Protrusion at the Grain 
Boundary/Intermediate Phase Interface 
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Figure 23  TEM Micrograph Showing Ni3Al Grain 
Boundaries with and without Protrusions 
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Figure 24  Typical Structures in Bulk Specimen 
Diffusion Couples Produced by One Hour 
Holds at 900°C-1100°C 
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Figure 25   Typical Structures in Ni-Plated 
Diffusion Couples 
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Figure 26  X-ray Intensity Ratio Profile Across a 
Type II Non-Uniformity in an "1100 C/ 
15 min Diffusion Couple 
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Figure 27  Comparison of Short Term Ni3Al Layer 
Growth with Previously Established 
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Figure 28  Schematic Illustration of Raw and Absorp- 
tion Corrected Intensity Ratios vs. 
Thickness 
93 
LOCATION 
A 
B 
C 
I 
2 
FOIL DISTANCE 
THICKNESS FROM HOLE 
4,750 A 12,200 A 
3,910 A 8,100 A 
1,650 A 3,100 A 
2,720 A 5,500 A 
2,570 I 4,500 A 
/-X-RAY PATHS -v 
HOLE 
Figure 29  Detector Orientation Effects in 
Wedge Shaped Thin Foils 
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Figure  30       Data  for  "K" Factor Determinations 
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APPENDIX 1 
Foil Thickness Determination Via Contamination Spot 
Separation 
The steps in determining foil thickness from con- 
tamination spot separation are illustrated in Figure A-l. 
During analysis the thin foil is at 0° tilt and the con- 
tamination spots form directly above each other as shown 
in A-la.  Following analysis the foil is tilted through 
an angle $ and the contamination spots appear to separate 
as shown in Figure A-lb.  The spot separation (AS) is 
then measured in this configuration as the projected 
distance between spot centers.  It is important to mea- 
sure the spot center to center separation or signifi- 
cant errors may be introduced.  The foil thickness is 
then calculated from consideration of the geometric 
situation shown in Figure A-lc.  From this figure the 
following relation is obtained: 
t = AS 
sin <{> 
Formulations for thickness determinations when the foil 
is not at 0 tilt are available elsewhere (34). 
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Figure A-l Illustration of the Steps Used 
for Thickness Determination 
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Appendix 2   Computer Program for Specimen 
Thickness Absorption Correction 
THICKNESS   ASS0R3TI0N   CORRECTION   PROGRAM 
DIMENSION   IA(IOO) 
OIMFNSION   IB(100) 
DIMENSION   XS(IOO) 
DIMENSION  FT(100) 
DIMENSION   XSA(IOO) 
OIMFNSION   PALW(IOO) 
DIMENSION   PALA(IOO) 
DIMENSION   PALK100) 
DIMENSION   PLT(2,100) 
DATA   INPUT   SECTION 
K=28 
REA0(5,10> ((IA(I) ,13(1),FT(I) ,XS(I)) ,I=i,<) 
10   FORMAT(lXt2H0, 2F15.1) 
CLIFF-LORIMAR   FACTOR 
CLF=0.999 
TAKE-OFF   ANGLE   FACTOR 
T0F=2.9238 
MASS ABS0R8TI0N COFFICIENTS 
ACAA=385.7 
ACBA=60.7 
ACA3=<»837.5 
ACBB=58.9 
DO 900 1=1,K 
CAC3=(CLF»IA(I))/I8(D 
89 PALI(I)=CACB/(CAC8+1.0> 
90 PAL=CAC3/(CACB*l.0> 
DENSITY   CALCULATION 
100 IF(PAL-0.315)102,101,111 
101 0=5.9-( (PAL-0.315)»11.8> 
GO  TO   105 
102 IF(PAL-0. 180) 10fc, 103,10? 
103 0=5.9+( (0.315-°AL)*7.?) 
GO   TO   105 
10«»   Z=(2.175»PAL)/(i.0-FAL) 
Y*Z/C1.0*Z) 0=(1.851-Y)/U.7^8E*21M(3.52E-8+(1.8E-9*Y>) 
GO   TO   105 
T)) 
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Appendix 2  (Continued) 
A8S0RBTI0N   CORRECTION   FACTO'?   CALCULATIONS 
105   ACAS=(PAL*ACAA)*((1.0-PAL)*ACA3> 
ACBS=(PAL*AC3A> ♦ ((1.0-PAL)*ACBB) 
WRITE(6,8«»>I,PAL,CAC8,IA(I) ,18(1) , 0 
8*  FORMAT(1X,I8,2F15.9,3X,2I10,*.X,F10.5) 
A8S0RBTI0N   CALCULATION 
CACSN=(CLF*IA(I)*ACAS)*(( 1. 0-EXP (AC3S* 0*^ TC )* (-TOF) )» / (1. 0-EXP (AC 
1AS»D*FT(I)*(-T0F)>) »/(13 (I) * ACBS ) 
OIF=ABS(CAC3N-CAC8) 
IF(OIF-0.001)600,60 0,500 
500 CACB=CAC8N 
GO TO 90 
600 PALW(I)=CAC3N/(CAC8N+1.0> 
Q=(PALW(I)*5 8.69>/(26.98*(1 .O-PALW(I))) 
PALA(I)=Q/(Q*1.0) 
900 CONTINUE 
DATA   OUTPUT   SECTION 
PLOTTED   OUTPUTS 
DO   901   1=1,K 
PLT(1,I)=PALI(I) 
PLT(2,I) = PALW(I) 
XSA(I)=XS(I>*10000000 
901 CONTINUE 
CALL   QIKSAX(3,3) 
CALL   QIKPLT(XSA,PLT. K,23H*0ISTANCE   IN   ANGiT?OMS*,20H*WEIGHT   FRACTI 
ION   AL*,26H*AL   CONCENTRATION   PROFILE*,2) 
WRITTEN   OUTPUTS 
WRITE(6,90^) 
90*»  FORMAT(//18X,*THICKNESS   0F»,8X,*AL   FRACTIONS*) 
WRITE(6,905> 
905   F0RMAT(2X,'DISTANCE   IN   CM* , 3X ,* FOTL   IN   CM   ,'+X ,♦ INITIAL WEIGHT*, 
H»X,*ATOMIC*,//) 
00   950   1=1.K 
WRITE (6,910) XS( I) ,FT ( I) ,PAL K I) ,PALW(I) ,PAH (I) 910   F0RMAT(/lX,E12.1,3X,E12.1,3X,F9.5,lX,F9.5.K,rq.t;t 
950   CONTINUE 
STOP 
END 
105 
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